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We investigate ultrathin superconducting TiN films, which are very close to the localization
threshold. Perpendicular magnetic field drives the films from the superconducting to an insulating
state, with very high resistance. Further increase of the magnetic field leads to an exponential
decay of the resistance towards a finite value. In the limit of low temperatures, the saturation
value can be very accurately extrapolated to the universal quantum resistance h/e2. Our analysis
suggests that at high magnetic fields a new ground state, distinct from the normal metallic state
occurring above the superconducting transition temperature, is formed. A comparison with other
studies on different materials indicates that the quantum metallic phase following the magnetic-field-
induced insulating phase is a generic property of systems close to the disorder-driven superconductor-
insulator transition.
The investigation of disordered superconducting films
is of fundamental importance to understand the im-
pact of electron-electron interaction and disorder on the
ground state of many-body systems [1]. Metal and insu-
lator are two basic ground states of the electrons in solids.
The Cooper pairing, a dramatic manifestation of the at-
tractive part of the electron-electron interaction, results
in an instability of the Fermi sea and the formation of a
new ground state. This superconducting state is charac-
terized by long-range phase coherence and the possibility
of nondissipative charge transport. On the other hand,
disorder acts in opposite direction, as it favors the repul-
sive part of the electron-electron interaction and the lo-
calization of the electron wave function. The competition
between localization and superconductivity can result in
an insulating ground state - the so-called Bose-insulator,
which is formed by localized Cooper pairs [2, 3, 4].
At zero temperature the transition between these two
phases, the superconductor-insulator transition (SIT), is
driven purely by quantum fluctuations and is one of the
prime examples of a quantum phase transition [5, 6]. Ex-
perimentally, the SIT can be induced by decreasing the
film thickness [7, 8] and close to the critical thickness also
by magnetic field [9]. These possibilities are commonly
distinguished as disorder-driven SIT and magnetic-field
driven SIT. In the latter case, the magnetic field is sup-
posed to suppress first the macroscopic phase coherence,
while the Cooper pairing may survive locally. At suffi-
ciently low temperatures this results in a sharp increase of
the resistance up to several orders of magnitude [10] - the
Bose-insulator. Upon further increase of the magnetic
field, the localized Cooper pairs are gradually destroyed,
leading to a strongly negative magnetoresistance [11]. So
far, direct experimental evidence for the existence of lo-
calized Cooper pairs is still scarce.
In agreement with the scenario above, early investiga-
tions [11] of amorphous InOx films revealed a strongly
non-monotonic magnetoresistance. The resistance value
in the high-field limit roughly approached the normal
state resistance RN , as expected, if the normal metal
phase reappears. However, a closer analysis of the data
on amorphous InOx [11, 12, 13] and on our polycrys-
talline TiN in the limit T = 0 and large B reveals that
the resistance of the films does not return to RN [14].
Hence, the nature of the Bose-insulator and its behavior
in a strong magnetic field remain an open issue.
In this Letter, we show that the magnetoresistance of
ultrathin TiN films decays exponentially at high mag-
netic fields and then saturates at a value considerably
higher than the normal state resistance. The saturation
resistance can be extrapolated with high accuracy to-
wards T = 0 and turns out to be h/e2, independent of
the degree of disorder. The application of our analysis
to existing data on InOx films [12] reveals the same be-
havior. This demonstrates the universal character of the
theoretically so far unexplained quantum metallic phase
in disordered superconducting films exposed to high mag-
netic fields.
The TiN films with a thickness of . 5 nm were formed
by atomic layer chemical vapor deposition onto a Si/SiO2
substrate. Structural analysis shows that the films con-
sist of a dense packing of crystallites, with a rather nar-
row distribution of sizes around ∼ 30 nm. The samples
for the transport measurements were patterned into Hall
bridges using conventional UV lithography and subse-
quent plasma etching. The film resistance was measured
in perpendicular magnetic field using a standard four-
probe lock-in technique. From earlier investigations, we
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FIG. 1: Temperature dependence of R : The two TiN films
differ slightly in their normal state resistance R(10K) =
8.24 kΩ (sample A) and 8.74 kΩ (sample B), respectively. The
resistance reaches a maximum at R(Tm = 0.48K) = 29.4 kΩ
(sample A) and R(Tm = 0.72K) = 18.6 kΩ (sample B). All
data in this work were taken at a measurement frequency of
0.4− 2 Hz with an ac current 0.01 − 1 nA.
estimated that the product of Fermi wave vector and elas-
tic mean free path kF ℓ < 1 below 2 K [14].
In Fig. 1, we plot the temperature dependence of the
resistance per square R at zero magnetic field for two
film, which are very close to disorder-tuned SIT. As the
temperature decreases, R of both samples increases,
then reaches a maximum value at an intermediate tem-
perature Tm, and finally drops again, showing the transi-
tion into the zero resistance state. Note that there is no
drop in the resistance around 5.6 K, the bulk transition
temperature of TiN. The latter would be a characteristic
of a granular film with only weak tunnel coupling between
the grains [15]. The absence of such a feature in our data
indicates that our films are nominally homogeneous with
strong metallic coupling between the crystallites [16].
From the bosonic model, the critical resistance of the
zero-field superconductor-insulator transition is expected
to be close to a universal value - the quantum resistance
for Cooper pairs h/(2e)2 [2, 3, 4]. However, this is still
a controversial issue. Up to now only for Bi films [7, 8],
a critical sheet resistance Rc close to the predicted value
of h/(2e)2 has been observed. In other materials the
resistance at the transition was found to deviate signif-
icantly from the expected universal value, for instance,
on Pb – Rc ≃ 12 kΩ [8], Al – Rc ≃ 24 kΩ [8], Be –
Rc ≃ 10 kΩ [17]. In sample A the maximal R at B = 0
even exceeds the value of h/e2 = 25.8 kΩ, implying that
the usual perturbative theories must fail to describe the
data, since the change of R is much larger than R
itself.
In Fig. 2, we show the magnetoresistance measured at
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FIG. 2: Sheet resistance R in perpendicular magnetic field:
Top: (sample A) T = 60, 80, 95, 120, 140, 180, 300, 450, 650,
850, 990 mK. The inset shows a close-up view of the R(B)-
curves measured at temperatures corresponding dR/dT < 0
at zero magnetic field. Bottom: (sample B) T = 60, 75, 90,
100, 130, 180, 220, 260, 300, 360, 480, 625 mK. R(T =
60mK) reaches a maximum at Bm ∼ 1.2 T (sample A) and
at Bm ∼ 1.6 T (sample B).
temperatures down to 60 mK and at magnetic fields up
to 16 T. The resistance varies nonmonotonically with B
and reaches a maximum value at a magnetic field Bm, fol-
lowed by a rapid drop and gradual saturation at magnetic
fields more than an order of magnitude larger than Bm.
The value of Bm slightly shifts towards larger magnetic
fields as the temperature increases. Yet the nonmono-
tonic shape of R(B) still persist even when T > Tm.
This is seen in the inset of Fig. 2 (top), where we plot
magnetoresistance data in the high temperature region
corresponding dR/dT < 0 at zero magnetic field.
The saturation occurs at a resistance Rsat near the
quantum resistance h/e2 (see right axes of Fig. 2). In-
terestingly, Rsat only slightly increases as T approaches
zero. This indicates metallic, rather than the insulating
behavior observed at B close to Bm.
We now turn to the main result of this work, which
is the analysis of the negative magnetoresistance of our
samples on the high-field side of the superconductor-
insulator transition, where the saturation of R(B) is
observed (Fig. 2). First, we plotted the expression
ln(1/Rsat − G(B)) vs. B, for each value of T . Here,
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FIG. 3: Scaling plot of the data in Fig. 2: For certain val-
ues of Rsat, ln [1/Rsat −G(B)] varies linearly vs. B, with a
T -independent slope. The linear slope corresponds to a char-
acteristic field B∗ ≃ 10.7 T (sample A) and ≃ 6.8 T (sample
B), respectively.
G = 1/R is the conductance per square. By vary-
ing the value of Rsat for each curve, we could linearize
ln(1/Rsat − G(B)) vs. B over a large range of B with
a T -independent slope, as it is seen in Fig. 3. This in-
dicates that G ∝ exp(−B/B
∗) exhibits a simple expo-
nential decay at high magnetic fields with a characteristic
magnetic field B∗. In addition, the curves in Fig. 3 show
a slightly T -dependent offset.
These observations can be condensed into a simple phe-
nomenological expression for the high-field magnetocon-
ductance as a function of temperature and magnetic field:
G(T,B) = 1/Rsat(T )− β(T ) exp(−B/B
∗) , (1)
where B∗ is a constant, which increases with the degree
of disorder, and β ≃ e2/h is weakly T -dependent and
accounts for the slight offset of the curves for different T .
The T -dependence of Rsat and β for both samples under
study is shown in Fig. 4(a) and (c), respectively.
One more important result is the temperature depen-
dence of Rsat(T ). For both samples, we have obtained a
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FIG. 4: Temperature dependence of Rsat and β: (a) Rsat(T ),
(b) R−1
sat
(T 1/3), and (c) β(T ) for the samples A and B and
the data from Fig. 1a of Ref. [12]. For the latter, we obtained
B∗ ≃ 4.5T and β ≃ 2e2/h, nearly independent of T .
relatively weak quasi-metallic T -dependence of Rsat. A
plot of 1/Rsat(T ) vs. T
1/3 (Fig. 4(b)) reveals that the T -
dependent part of 1/Rsat(T ) closely follows a T
1/3 power
law. In addition, for both samples 1/Rsat(T ) extrapo-
lates in the limit T → 0 very accurately towards e2/h.
This can already be seen in the high-field region of R(B)
in Fig. 2 and indicates a sample independent, possibly
universal behavior. A nonmonotonic magnetoresistance
similar to our results was reported also for disordered thin
InOx films (see Fig. 1a in [12] and Fig. 3b in Ref. [13]).
For the data of Ref. [12] we have performed the same
analysis as for our data on TiN films and found the same
scaling and the same extrapolation Rsat(T → 0) = h/e
2.
The specific advantage of TiN over InOx is its signifi-
cantly lower value of Bm which allows the observation of
G ∝ exp(−B/B
∗) in a wide range of magnetic field [18].
From these observations the following scenario
emerges: the superconducting state of our TiN films
at B = 0 is rapidly destroyed by quantum phase fluc-
tuations as the magnetic field is moderately increased,
while the Cooper pairing may survive locally. It was re-
cently suggested that strong mesoscopic fluctuations of
the energy gap [19] can induce such phase fluctuations
also in homogeneous thin films. If localized Cooper-pairs
and a Bose-insulator exist, these are expected to be sup-
pressed at higher magnetic fields. This corresponds to
a strong decrease of R(B). Phenomenologically, the ex-
ponential dependence of G(T,B) in Eq. (1) may result
from a broad dispersion of binding energies of localized
4Cooper pairs [20]. As shown by Suzuki and coworkers
[21] there is little spin-orbit scattering in TiN. Thus spin
is a good quantum number in this system. In the absence
of orbital pair breaking [22] and spin-orbit scattering, the
Zeeman splitting of the localized Cooper pairs seems to
be the likely mechanism behind the suppression of the
Bose-insulator phase. At very high fields the behavior
is again metallic and independent of B, however with
a zero-temperature resistance, which is significantly dif-
ferent from RN at high T and B = 0. The resistance
Rsat(T → 0) = h/e
2 in this metallic phase turns out to
be universal in the sense that it is independent of the
material and the degree of disorder in the films.
A similar negative magnetoresistance with a saturation
near h/e2 in high magnetic fields has recently been re-
ported for insulating Be films by Butko and Adams [23].
Since the saturation resistance appeared to be of purely
quantum nature, these authors have introduced the term
“quantum metallicity” for the peculiar metallic behav-
ior at high magnetic fields. Their highly disordered films
have resistances up to ∼ 4h/e2 in zero magnetic field and
do not reveal a zero resistance state down to T = 40 mK.
Because of the strong similarities between their insulat-
ing Be films and the superconducting InOx and TiN films
investigated here, we suggest to use the same term “quan-
tum metallicity” for the high magnetic field state, de-
spite the evident differences in zero magnetic field. It is
well possible that the insulating state in Ref. [23] is also
formed by localized Cooper pairs, since there are experi-
ments demonstrating the existence of the thickness- and
the magnetic-field-tuned superconductor-insulator tran-
sition also in thin Be-films [17, 24, 25].
These striking similarities of the high magnetic field
behavior for several different materials (Be, InOx, and
our TiN films), showing the SIT, point towards a common
microscopic mechanism underlying the suppression of the
Bose-insulator in the limit of high magnetic field. In
absence of any quantitative theory, we would like to draw
attention to the fact, that the observed strongly negative
magnetoresistance with a tendency to saturation can be
described by the remarkably simple empirical expression
of Eq. (1) [26]. This expression holds in a very wide range
of B and T and may prove useful for future theoretical
considerations required for a deeper understanding of the
nature of the Bose-insulator and the high-field quantum
metallic state.
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